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Kurzfassung

Tetrylene sind reaktive Molekile, die ein Gruppe 14 Element (E = C, Si, Ge,
Sn, Pb) in Oxidationsstufe +Il enthalten. Elemente dieser Gruppe bevorzugen
gewohnlich die Oxidationsstufe +VI, was unter anderem die grof3e Reaktivitat
dieser Verbindungsklasse erklart. Tetrylene kdnnen sowohl als Lewis Basen
als auch als Lewis Sauren reagieren, da sie gleichzeitig Uber ein einsames
Elektronenpaar und Uber ein unbesetztes p-Orbital verflgen.

Zwecks Stabilisierung bedient man sich einerseits sperriger Substituenten, um
die sterische Abschirmung des reaktiven Zentrums E zu erhéhen und anderer-
seits kann die Reaktivitat durch partielle Donierung von Elektronen in das leere
Orbital an E durch benachbarte Atome wie z.B. Stickstoff (Arduengo Typ) oder
ahnliches vermindert werden.

Wahrend «, o’-N stabilisierte Tetrylene bereits gut untersucht sind, gibt es
nur sehr wenige der Diphospha-analogen Verbindungen. Da die Grée der
Atome, die geringere Elektronegativitat und die starkere Pyramidalisierung
des Phosphor Atoms werden als Griinde dafir gesehen werden wurden in
dieser Arbeit der Einfluss verschiedener sperriger und groBBer Substituenten
auf DBP und dessen Derivativen untersucht. Mit DFT Berechnungen wurden
Anderungen in der Planaritit des Phosporatoms, Bindungsldngen und der
Winkel beobachtet. Um eine Einschatzung Uber die am besten fir die Syn-
these geeingneten Substituenten zu erhalten, wurden Berechnungen fir Sily-
lene, Germylene und Stannylene mit unterschiedlichen Substituenten (‘Pr, 'Bu,
TMS, Ph, Hyp) durchgefihrt. Durch die Rechnungen wurde bestatigt, dass
sich vor allem sperrige Substituenten gut eignen und dass eine kleinere Pyra-
midalisierung des Phosphors eine stabilere Konfirmation zur Folge hat. Die
Ergebnisse der Berechnungen geben Aufschluss auf die Farbe, die Bindungs-
und Winkelverhaltnisse in den zu synthetisierenden Verbindungen. Die Sta-
bilitat und Isolierbarkeit der unterschiedlichen Tetrylene wird mit einer Analyse
der relativen Energien der verschiednen Konformere bestimmt.

*TMS = Trimethylsilan SiMes; Hyp = Tris(trimethylsilyl)silan Si(SiMe3)3



Abstract

Tetrylenes are reactive molecules which contain a group 14 element (E = C,
Si, Ge, Sn, Pb) in oxidation state + Il. Elements of this group commonly prefer
the oxidation state + VI which, among other things, explains the high reactivity
of this class of compounds. These compounds do not only have a lone pair,
but also a unoccupied p-orbital and can, due to that, react as Lewis base and
Lewis acid.

The stabilisation of these compounds can be increased by the use of bulky
substituents, which makes it possible to increase the steric hindrance of the
reactive center E. The other possibility of stabilisation is to reduce the reactivity
by partial donation of electrons into the empty orbital of E by neighboring atoms
such as nitrogen (Arduengo type).

While the o, o’-N-stabilized tetrylens are already well studied, there are very
few oft he diphospha analogue compounds. The size of the atoms, the dif-
ference in electronegativities and the stronger pyramidalisation of the phos-
phorus might counteract effective orbital overlap, necessary for stabilisation.
In the course of this thesis the influence of different substituents on 1,2-
diphospinobenzene (DPB) are be investigated with calculations at the DFT
level. DPB and its derivatives are suspected to be ideal candidates for the for-
mation of P-stabilised cyclic tetrylenes. In order to get information about the
best suitable substituent for the tetrylene synthesis, calculations of silylenes,
germylenes and stannylenes were performed with various substitutes ('Pr, 'Bu,
TMS, Ph, Hyp). The calculations led to the result, that bulkier substituents are
more favourable not only because of the steric hindrance they also decrease
the pyramidalisation of the P-atom and therefore increase the stability of the
conformation. Their conformations and spectroscopic properties obtained by
DFT calculations are analysed for future product identification.

*TMS = Trimethylsilane SiMes; Hyp = Tris(trimethylsilyl)silane Si(SiMej3)3
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Chapter 1

Introduction

1.1. State of the Art

In recent decades, it has generally been recognised that the role of carbenes
has become increasingly important in modern chemistry.! As a result a notice-
able number of stable carbenes have been isolated and investigated in detail.
The chemistry of carbenes is now quite well-understood."

Further attention has been paid to analogues of carbenes such as the N-
heterocyclic (Arduengo) carbene, which was introduced in 1991.2 These car-
benes have become an important class of o-donor ligands in coordination
chemistry and catalysis.® With the synthesis of the first compound of this kind,
a new way of catalysis and the possibility of the use as donor ligand opened
up.

This milestone was followed by the important class of heavier silicon and ger-
manium congeners. The first silicon example was reported by West' in 1994.
Over the past 20 years, great effort has been put into the development, the
adaptation and synthesis of higher carbene homologues. The chemistry of N-
heterocyclic silylenes of type I,Il and Ill has been well documented.* (Fig. 1.1)

The analogues (Si-Pb) with saturated backbones and a number of benzene-
, pyridine-, naphthalene- and acenaphthene - annulated derivatives have all
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Figure 1.1.: Overview of N-heterocyclic silylenes*

been reported.! A good summary of all of these compounds can be found in
"Stable Heavier Carbene Analogues” .’

Tetrylenes are uncharged compounds containing a group 14 element in the
oxidation state of +Il. These compounds occur in varying frequency from
carbon to lead. There is an increasing energy difference of s- and p-orbitals
of higher elements. This larger energy gap between the orbitals in the higher
homologues can’'t be compensated by the hybridisation energy, as a result
of which a twofold coordination and therefore oxidation state +Il is preferred.
Examples, such as SnBr, and PbCl, show that tin and lead prefer the oxidation
state +ll. Carbon and silicon tend to be stable in the state of +IV. Germanium
is present in both, the +Il and in the +IV state.

However, isolation in the +l state is only possible in coordination with a solvent
or in a complex (e.g. GeCl,-dioxane).

Carbenes, as well as other tetrylenes show sp? hybridisation, two orbitals are
bonding to the substituents and in case of singlet tetrylenes, the third in plane
sp? orbital is filled with an electron pair.
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The main difference between the lightest tetrylenes, the carbenes, and their
heavier congeners concerns the electronic ground state. The two free elec-
trons of some carbenes avoid spin pairing and prefer a triplet ground state,
while in the heavier tetrylenes these electrons are both found in the sp2-orbital
(lone pair character). The remaining p-orbital in upright direction is vacant. Via
this empty p-orbital it is possible to accept electrons (Fig. 1.2).

In the singlet ground state tetrylens can react as electron donors and acceptors
and are therefore Lewis-amphiphilic.

R2IIII: < :)
:.E
R

0

Figure 1.2.: Orbital scheme of tetrylenes

Tetrylenes feature a great reactivity, which makes it very difficult to isolate them
under ambient conditions. The instability can be decreased by interaction with
Lewis-basic substituents in a,a’ - position. Thus the electrophilicity of the
tetrylene can be lowered. With a cyclic backbone this effect can be increased,
because the rotation of the substituents on the tetrylene is hindered. Another
way to increase stability can be reached by the use of bulky substituents such
as 'Bu, 'Pr, Ph, TMS and Hyp. This increases the steric shielding of the center
E (= C, Si, Ge,Sn, Pb) and results in a kinetic stabilisation.

1.1.1. Diphosphatetrylenes

As noted above N-heterocyclic carbenes (NHCs) are common in chemistry,
since they can be used in catalysis and as donor ligands. The Arduengo-type
carbenes are stable at ambient conditions. The stability is enhanced by an
electron rich backbone and bulky substituents on the nitrogens in «,a’ position
(o - stabilisation). The lone pairs of the nitrogens can “push” electron density
into the empty p-orbital, which causes an additional 7 - stabilisation. The
rigidness and the positioning of the nitrogen lone pairs through the electron
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rich cyclic allyl backbone enhances the stabilisation.

Figure 1.3.: Stabilisation of N-heterocyclic carbenes

A lot of work and research has been put into the development of this theme
over the last two decades. Variations in the backbone and the sterically de-
manding groups located on the nitrogen atoms were investigated. It was no-
ticed that the p-donor capabilities of the heavier group 15 elements (such as
phosphorus) could be as large, or larger than those of their lighter counterparts
(such as nitrogen).® Therefore, P-heterocyclic carbenes (PHCs) would be ex-
cellent candidates to complement NHCs.®

In contrast to the plethora of N-heterocyclic carbenes and their heavier group
14 analogues only one P-heterocyclic tetrylene is known in literature.®> Apart
from the difference in eletronegativities (Pauling: N = 3.04, P = 2.19) the
stronger pyramidalisation of the phosphorus might counteract effective orbital
overlap, necessary for stabilisation. These constraints explain the small num-
ber of diphosphatetrylenes compared to their nitrogen counterparts. Compared
to the nitrogen counterparts even larger substituents are required for suc-
cessful stabilisation. With the use of smaller and non-interacting substituents,
dimeric structures are preferably formed. The tendency of dimerisation is the
reason why most of the diphosphatetrylenes are dimers. Compounds were re-
ported by du Mont (R = 'Bu, 'Pr E = Sn, 1977 and 1998°), Cowley (R = 'Bu; E =
Pb, 19887) and Buhro (R = TMS, E= Sn/Pb?) (Fig. 1.4). The higher stabilisation
is provided through head-to-tail cycloaddition. While NHCs are common, cyclic
a,a’-P derivatives are scarce. To date there is only one cyclic diphosphatetry-
lene known in literature.®

In this compound the size of the supermesityl group (Mes*, (2,4,6-'Bu)-Ph) was
sufficient for stabilising. As mentioned before, the bulkiness and the sterical
demand of the substituents have a big affect on the stability. There is the pos-
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R R\P/R R

NSNS

SN,
R/ \R

Figure 1.4.: Dimeric diphosphatetrylenes (R= 'Bu, 'Pr, TMS; E = Sn, Pb®%)

sibility of intramolecular interaction, like the head-to-tail cycloaddition in case
of the dimers, which enhances the stability as well as using big and bulky
substituents. Electron donors at the «, o’ position or in side-groups of the sub-
stituents amplify this effect. The intermolecular stabilisation via electron dona-
tion through solvent molecules impacts the stabilisation positive.

Bu

Figure 1.5.: P-heterocyclic carbene®

Therefore it is difficult to achieve the monomeric species. A monomeric diphos-
phatetrylene was synthesised by Driess in 2011.° (Fig. 1.6)

In this monomeric compound the substituents X (alkyl, aryl, OR, SR, and NR
- groups) are particularly bulky and/or function as intramolecular donor cen-
ters.® Another group, which turned out to be suitable for the steric stabilisation
of group 14 chemistry™ is the TMS (SiMes) group. The cumbrous Si(SiMes)s
group (hypersilyl) was also reported as a functional stabilising substituent.
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4: E =Pb; R1 = Si(Bu(ls)F; R2 = SiiPr,

Figure 1.6.: Monomeric diphosphatetrylenes®

Through molecular modelling it is possible to estimate how various substituents
influence the geometric structure and stabilisation of compounds. This makes
it possible to estimate what compounds are suitable for synthesis.

1.2. Theoretical Section

This introduction is based on Peter W. Atkins’ "Physikalische Chemie”,'? "Es-
sentials of Computational Chemistry-theories and models” by Christopher J.
Cramer,’ Neil S. Ostlund’s "Modern Quantum Chemistry”'* and "Quantum
Chemistry” by Ira N. Levine."®

Density functional theory provides a powerful tool for computation of the quan-
tum state of atoms, molecules and solids, and of ab-initio molecular dynamics.
The foundation stone of todays DFT was the approximate version of Thomas
and Fermi after the foundation of quantum mechanics in 1927. After that,
Hohenberg, Kohn and Sham established the new DFT in the 1960s with their
work “Inhomogeneous Electron Gas”.'® From that time on, density functional
theory has grown vastly in popularity, and a flood of computational work in
molecular and solid state physics has been the result.

The method has gained importance in recent years because it has some
advantages, when compared with the Hartree-Fock-method, which are the
following:

It is characterised by a lower computational complexity, shorter computation
times and better matches with the experiments for the calculation of d-metals.
Today, the DFT is the most commonly used method for the calculation of
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molecular structures.'®

The central parameter of the DFT is the electron density p instead of the wave
function . The term ”functional” in Density Functional Theory comes from
the fact that the energy of the molecule is a function of the electron density
E,;-'? The electron density is a function of location, p=p(r) and a function of a
function is called functional. The energy of the ground state is described as
follows.'?

E[p]=(Ekin+Ep,EK+Ep,EE+Ep,Aus)[P] (1 A )

Exn is the kinetic energy of the electrons, Ey ek the potential energy of the
electron-nuclear attraction, E,ge the potential energy of the electron-electron
repulsion and the exchange-correlation energy Epaus, Which takes all effects
due to the spin in account.'> The orbitals can be calculated from the Kohn-
Sham equations. The electron density can be determined by applying equation
(1.2).

To determine the electron density, the Kohn-Sham functions W;, which are n
solutions of the Schrédinger-equation in an effective potential function ves were
set off. The density is obtained from the sum of the electron densities of the
Kohn-Sham equations:

pZZWi(F)F (1.2)

The effective potential is dependent on the density:

v <o)+ [T (19

Here the first therm, v(7), is the external potential which substantially describes
the attraction of the electrons by the atomic nuclei, and the second term de-
scribes the electrostatic interaction of the electrons with each other (Hartree-
term).
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The solutions of the equations must be found iteratively, since the effective po-
tential vek(7) is dependent on the density p(7) which itself is dependent on the
solutions of these equations.'? The third term v,(7) is the so-called exchange

correlation potential ("x”, “exchange”, "c” for "correlation”) which ensures the
correct treatment of multielectron systems.

A start-electron density is assumed, usually a simple superposition of the
atomic electron densities. Then, the exchange-correlation potential is calcu-
lated. With this potential the Kohn-Sham equations can be solved to obtain
a new potential. With this information it is possible to obtain a better approx-
imation for the electron density. This process is repeated until a stable (self-
consistent) solution is found.

The Kohn-Sham functions are pure calculation values and have no physical
meaning by itself. Strictly speaking ve(7) is dependent on the electron density
at all sites and not just at the point 7, and can be calculated accurately for very
few trivial cases. However, in practice this approach can often be used as an
approximation of actual electron states. With DFT calculations, it is possible to
determine the total energy of the atomic configuration. This, for example, can
be helpful to find the most energetically favourable of several possible arrange-
ments of a compound.

1.2.1. Basis Sets

Orbitals are wave functions, one-electron functions, eigenfunctions of an eigen-
value problem, the Schrdodinger-equation for example, that describes the be-
haviour of an electron in three-dimensional space. These orbitals have no
physical meaning, can have positive and negative values in different spatial
areas and can, in principle, also be complex.
By the linear combination of functions, which should represent the orbital as
well as possible, orbitals in atoms and molecules can be described mathemat-
ically.

U= e (LCAO — method) (1.4)
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Originally the molecular orbitals were, according to the LCAO-method (LCAO
= Linear Combination of Atomic Orbitals), approached by an actual linear
combination of atomic orbitals.

Although it is common to use linear combinations of primitive Gaussian func-
tions today, it is still spoken of LCAQO. The most frequently used basis sets are
the minimal STO-NG basis sets. Each contracted Gaussian function is formed
from N primitive Gaussian functions. STO stands for Slater Type Orbital. In the
most widely used STO-3G the contracted Gaussian functions are generated
by three primitive Gaussian functions. Minimum basis sets are fixed and are
unable to adjust to different molecular environments.

It is common to represent valence orbitals by more than one basis function,
where each of which can be composed of a fixed linear combination of primi-
tive Gaussian functions. One way to increase the size of a basis set is to take
more basis functions per atom. Split valence basis sets, such as 3-21G and
6-31G basis sets, have two (or more) sets of basis functions for each valence
orbital.

Basis sets in which there are multiple basis functions corresponding to each
valence atomic orbital are called valence double, triple, quadruple-zeta, and
S0 on, basis sets. Since the different orbitals of the split have different spatial
extents, the combination allows the electron density to adjust its spatial extent
appropriate to the particular molecular environment.

For a description of weakly bound electrons, such as anions, diffuse basis func-
tions are required. An example of a basis set with diffuse basis functions is the
6-31+G. Polarisation is a constant in reality occurring phenomenon that can-
not be described by the above definition of the basis set (minimum basis sets).
To include the spatial dependence of the charge distribution of a molecule
(eg. strongly polar molecules) additional basis functions of secondary quan-
tum numbers are added. The more basic functions the basis set includes, the
better is the approximation to the exact energy is. To characterise them, a *
or a d (d-type functions added to atoms; f-type functions added to transition
metals) are attached to the name. However, very complex basis sets do need
more computing power which is coupled with an increase in costs. 6-31G* is
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often considered the best compromise of speed and accuracy.

The notation of the previously mentioned basic sets, STO-NG, 6-31G, 6-31G*,
6-31+G*, is by J. Pople (Nobel Prize in Chemistry 1998)."” In this work the
6-31+G* was used.

1.2.2. Functional

The choice of the right functional turns out to be complicated, because there is
a multitude of different kinds of functionals with specific characteristics for each
type of calculation. It has become evident, that for most calculations a hybrid
functional, which includes a proportion of classical Hartree-Fock calculation,
produces better results than those based only on the electron density.

Hybrid DFT is mixing various amounts of Hartree-Fock (HF) nonlocal exchange
operator with DFT exchange correlation functionals.'® In recent years, two
methods have emerged as very promising the B3LYP and the mPW1PW91.
With these methods it is possible to achieve accurate molecular structures,
vibrational frequencies, and bond energies.

The fraction of HF exchange is set to 20% in B3LYP and 25% in mPW1PW91.18
In this work the mPW1PW functional was used. This method is an modifica-
tion of the functional proposed by Perdew and Wang and represents a very
accurate gradient approximation.'®

The results obtained from the mPW1PW91 model are close or even better
than those obtained by the B3LYP method. Calculations, both for covalent and
noncovalent interactions, are possible in a satisfactory theoretical framework
encompassing the free electron gas limit and most of the known scaling con-
ditions.™®
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1.2.3. Optimisation

In order to determine a minimum, maximum or saddle point on the potential
energy surface, it is necessary to build the first derivation. Critical or stationary
points are defined as follows: the gradient decreases and converges to 0.

OE /or =0 foralli (1.5)

For determination of the local curvature of a function f, the Hessian matrix is
used. This second derivation of the energy can be obtained, which makes it
possible to determine the type of the critical point. If the Hessian is positive
definite at r, then f attains a local minimum at r. If the Hessian is negative
definite at r, then f attains a local maximum at r. If the Hessian has both positive
and one negative eigenvalues then r is a saddle point for f (this is true even if r
is degenerate).

The lowest energy structure obtained by the optimisation is used for the further
operation. Also in this minimum there are oscillations which have influence on
the total energy of the system. In order to obtain the correct energy in the
ground state, the zero-point energy Ezpg, the energy of these oscillations must
be calculated.

Taking into account the 6 Degrees of Freedom (5 for linear molecules) and the
fact that each of the n atoms vibrate in all directions, there are 3n-6 possible
frequencies.

With these frequencies the energy of the vibrations Eyg can be calculated.

Minima indicate a stable structure. A complete dissolution is too complex, it is
therefore worked iteratively. The solution depends on the starting geometry.
With the minima a structure calculation, a calculation of reaction energies and
a calculation of relative stability of isomers is possible. Saddle points are used
for the calculation of transition structures of the reaction and the calculation of
activation energy.



Introduction 15

1.2.4. UV-Emission

With time-dependant DFT the singulet electron excitations can be obtained.
This information makes it possible to interpret the colour of the calculated
molecule.

The interpretation is an important point for the connection of synthesis and cal-
culation of molecules. To know the colour of the desired product can be a big
advantage in the synthesis.

1.2.5. Nuclear Magnetic Resonance (NMR)

The information obtained by an NMR calculation is the magnetic shielding of
the nuclei. To compare the calculated shifts with the measured NMR data, one
must calculate the magnetic shielding of the reference molecule (TMS for 'H,
13C, and 2°Si and PHj; for 3'P).

This magnetic shielding is mathematically proportional to the second deriva-
tion of the energy change between the states with existing or absent external
magnetic field. A magnetic field does influence the kinetic energy operator.
However, the grade of influence depends on the coordinates, so it is nec-
essary to determine the origin of the coordinate system somewhere in the
molecules. A magnetic field that acts from outside during an NMR experiment
on a molecule is in this respect location-independent.

The dependence of the calculated shifts of location brings, except under very
special conditions, incorrect results. These conditions include either the cal-
culation of the exact wave function or the use of an infinitely large basis set,
which is not possible in practical computational chemistry.

It is common to use the GIAO ("gauge invariant / independent atomic or-
bitals”)2° approach. It is based on compensating the spatial dependence of the
kinetic energy with the basic functions, which makes every calculated core to
an origin and therefore location-independent. This approach is generally used
and was also resorted to in this work it.

The computational details are found in the "Results and Discussion” section.
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1.2.6. Scope of work

As already mentioned, there are very few P-heterocyclic tetrylenes com-
pared to N-heterocyclic carbenes. Diphosphines, sometimes called bisphos-
phanes, are organophosphorus compounds used as ligands in inorganic and
organometallic chemistry. Due to their high reactivity phosphines are applied
in many fields, such as catalysis.

The 1,2-diphosphinobenzene, abbreviated from now on as DPB, is a versatile
building block and bifunctional primary aromatic phosphine which delivered
several new organophosphorus compounds.?’?2 For the synthesis of 2-
Organoelement-1,3-benzodiphospholenes DPB was used and might therefore
be suitable for the synthesis of stable a,a’ - diphosphatetrylenes.

Using DPB?! the influence of different substituents (R = H,'Pr, 'Bu, Ph, TMS,
Hyp) on phosphorus will be investigated with calculations at the DFT level. The
conformations and spectroscopic properties of P-stabilised cyclic tetrylenes
are analysed and used for future product identification. In the experimental
part of this work DPB will be derivatised with various substituents on the
phosphorus atom. With selected DPB derivatives, the synthesis of tetrylenes
will be attempted via lithiation and reaction with group 14 halogen compounds
or amides (Fig.1.5.).

R R

| I
P P

\R \ \

—_— I E

P/R — > > P/
| l
R R

R =H, iPr, 'Bu, TMS, Hyp, Ph
E = Si, Ge, Sn

Figure 1.7.: General reaction scheme: DPB derivatives to tetrylenes



Chapter 2

Results and Discussion

2.1. DFT Study

The DFT calculations make it possible to assess what structures are ener-
getically favourable. Therefore it is possible to estimate how well a synthesis
can proceed and what side products are possible. Another advantage is the
estimation of the most stable structures, so that the interpretation of other data
(eg NMR) becomes easier.

With the calculation of electronic excitations energies, the colour of the com-
pounds can be estimated, which is a great advantage in the synthesis of
coloured compounds.

Consequently the data obtained from the DFT study allows a more accurate
interpretation of the reactions.

The main topic is the investigation of the influence of various substituents on
the 1,2-diphosphinobenzene (DPB) ligand. Within molecular modelling, the ad-
vantages and disadvantages of using different substituents could be explored.
The influence of different substituents on the pyrimidalisation of the P-atom,
the bond lengths and angles in the compounds will be detected. The stability
and structural differences of conformers can be determined.

With the calculations it is also possible to obtain information about possible
tetrylenes, which is important for further product isolation. With the interpreta-

17
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tion of the data, a prediction of favourable structures (e.g. preference of one
conformer) is possible. A calculation of the electronic excitations allows a pre-
diction of the colour of the compounds and the calculation of the NMR shield-
ings enables a comparison with measured values and facilitates peak assign-
ment.

2.1.0.1. Geometries and characteristics of DPB derivatives

The influence of different substituents (H, 'Pr, 'Bu, Ph, TMS) on the phospho-
rus were investigated with calculations at the MPW1PW91/6-31+G* level. As
mentioned before, DPB and its derivatives might be ideal candidates for the
P-stabilised cyclic tetrylenes. Their geometric and spectroscopic properties
obtained can be used for future product identification.

If we look at the reactants 1,2-bis(dimethoxyphosphoryl)benzene (compound
1) and DPB (compound 2) the calculated P-H, P-C, P-O, P=0O, P-Si bond
lengths [A] are in an expected range (1.44 P-C, 1.84 P-C, 1.63 P-O, 1.50 P=0O
and 2.22 for Si-P?3) (Fig. 2.2 and 2.1).

The DFT study predicts that the synthesis of compound 1, 1,2-
bis(dimethoxyphosphoryl)benzene, should lead to a colourless product. The
analysis of the electronic excitations gives a value of 240.95 nm, for the
HOMO—LUMO transition, which is not in the visible area (400 - 800 nm).
The reaction solution was slightly yellow, the powder which was obtained from
this solution by adding acetone and separation by centrifugation is colourless,
which means that the calculation and the synthesis are in agreement.

The bond lengths between the C-atoms in the aromatic backbone do not differ
with various substituents. A variation in the P-R lengths can be determined
with various substituents, bigger substituents lead to shorter bond lenghts
(Ph<'Pr)<'Bu. The planarity of the phosphorus atom changes with various
substituents. In comparison with DPB, the pyrimidalisation of the phosphorus is
smaller with substitution of the H atoms with bulkier substituents such as TMS
and 'Bu ( X «(P) = 313.1°and 317.39). Interestingly the sterically demanding
phenyl group does not decrease the pyramidalisation (> «(P) = 306.2°). The
smaller alkyl group ('Pr X a(P) = 308.59) is also less suitable, as summarised
in Fig.2.2. This effect is important for a successful stabilisation of tetrylenes,
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because the stronger pyramidalisation of the phosphorus might counteract ef-
fective orbital overlap. Therefore a more planar character of the phosphorus
atom would be favourable.

For referencing and comparison with the calculated data, a NMR measure-
ment of the product purchased by Sigma Aldrich was performed.The measured
NMR data of compounds 7 and 2 fits to the reported data in literature. The cal-
culated results for all phosphorus shifts do differ from the measured ones by
16.5+4.63. The measured 'H and 3C also fit to the calculated data (Fig.2.1).

Compound 1,2-Bis(phospino)benzene 2 1,2-bis(dimethoxyphosphoryl)benzene 1
Characterization
uv 353.78 nm 240.95 nm
Bond lenghts [A]

P-H: 1.42 P=0: 1.48

P—0Ome: 1.60

P-C1/C2: 1.86 P-C1/C2: 1.82
NMR shifts [ppm] Calculation Synthesis Calculation Synthesis
13C

6 134.99 6 134.50 6130.48
Ring 6 133.60 g 1;331 6128.17 6 128.55

6126.15 6 126.56
Ip §-107.16 5-126.11 523.26 854.07
'H

67.84
C-H 58.09 67.11

6 4.85 65.50
P-H §5.57

Figure 2.1.: Comparison of calculated and measured values of compound 71 & 2

Considering the dipole moments, the compounds with alkyl rests have smaller
values than the ones with aryl substituents. The dipole moment provides infor-
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Figure 2.2.: Comparison of mPW1PW91/6-31+G* calculated values for different substituents on DPB

mation about the molecular structure and interactions in the molecule. The size
of the dipole moment allows the estimation of the solubility in various solvents
and is thus advantageous for the synthesis.

As the TMS group showed the most promising properties for a further synthe-
sis, two TMS substituted DPB derivatives (compounds 3 and 4) were inves-
tigated in more detail. Compund 3, CgH4(PHSiMe3)»-1,2, turned out to be no
satisfying candidate for the further tetrylene synthesis, since two stereocisomers
(d,l or "trans” and meso or "cis”) are formed (Fig.2.3). The trans conformer is
more stable (E, = 16.01 kdJ/mol), due to the hydrogen bond between a P lone
pair and the hydrogen of the second phosphine group, resulting in a higher
stability.

In the cis conformer the lone pairs face each other which destabilises the com-
pound. For the metallisation via "Buli the cis conformer would be favoured.
The hydrogen bonding in the trans conformer decreases the possibility of a
successful metallation and a further reaction to tetrylenes.

Therefore a compound where both H-atoms are substituted with bulkier moi-
eties might be a better starting point for the tetrylene synthesis.

Compound 4 C¢H4(P(SiMe3),).-1,2 is a quite important molecule for the subse-
guent synthesis of the tetrylenes. The effects of the TMS group were compared
to the results for other substituents (‘Pr; 'Bu; Ph) on the P-atom (Fig.2.2). The
TMS and the 'Bu substituted DPB derivatives have a positive influence on the
stability of the compound, which would make them a good candidates for the
synthesis of tetrylenes.
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DPB(RR’),
R ™S
R’ H

Erel [kJ/mOU

cis 16.01

trans 0.0

P-C [A]
P-si (R) [A]
si-P-C []

z2a(P)[°]

1.85
2.29

102.241
291.2

Figure 2.3.: Comparison: Isomers of compound 3
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2.1.0.2. Tetrylenes

In the following tables the results of the DFT analysis for tetrylenes are sum-
marised. As mentioned in the introduction, the phosphorus has a stronger
pyramidalisation and a lower electronegativity than nitrogen, which is sup-
posed to be the reason why P-heterocyclic compounds are rare. The DFT
study is now extended on the stability and characteristics of the P-heterocyclic
tetrylenes (E = Si, Ge, Sn). The influences of various substituents ('Pr, 'Bu,
TMS, Ph, Hyp) on the planarity of the phosphorus were explored. Two con-
formers can be observed a d,l (“frans”) and a meso (’cis”) form. Due to
steric reasons the formation of the trans conformer is energetically favoured
(Fig.2.4). The cis form is sterically disadvantageous, because the bulky moi-
eties do not have enough space. An analysis of the relative energies shows
that the difference between the cis and trans conformer in the investigated
homologues is very small. This indicates a mixture of both isomers should be
expected in the synthesis.

All TMS substituted homologes have a very low energy barrier between the two
conformers (silylene E,¢ = 4.6 kd/mol, germylene E, = 3.8 kd/mol, stannylene
Erel = 2.9 kd/mol,). The hypersilyl group on the other hand shows a bigger gap
(silylene E = 8.1 kd/mol, germylene E, = 12.7 kd/mol, stannylene E, = 3.2
kd/mol). Therefore the isolation possibilities of tetrylenes (except stannylenes)
could be improved with increasing the steric demand by using Hyp instead of
the TMS.

As shown in Fig.2.5 the planarity of the P-atom increases within the group.
The pyramidalisation of the P-atom is smaller in the trans form. With all the
substituents the cis form shows a higher pyramidalisation of the P-atom, which
means that the orbital overlap could be hindered.

Less steric demanding alkyl groups are not profitable for decreasing the pyra-
midalisation of the P-atom. Also rigid aryl groups e.g. Ph do not effect the
planarity of the P-atom in an extraordinary way. Although the Si-atom has a
smaller electronegativity, the sterically demanding, bulky Hyp group does show
the strongest influence of the pyramidalisation (Fig.2.5).
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Figure 2.5.: Planarity of the P atom of tetrylenes in dependance of the substitution pattern
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The geometric differences in the homologues with various substituents can
be explored with the calculations. The E-P bond lengths increase within the
higher homologues. The difference in the bond lengths is attributable to the
atom sizes (Si<Ge<Sn) and the bulkiness of the substituents. The E-P bonds
become longer with bigger, sterically demanding substituents (Fig.2.6). Inter-
estingly the silicon containing substituents (TMS, Hyp) lead to shorter bonds,
while the 'Bu and the Ph group increase the bond lengths. Shorter bond
lengths would be favourable for an effective orbital overlap.

The P-E-P angles are smaller in the higher homologues (2.7). The TMS and
the Hyp substituents show an increasing angle compared to the alkyl and aryl
groups. A smaller angle indicated a smaller pyramidalisation of the molecule,
and therefor a higher stability. A general trend of increasing angles with bigger
substituents can be seen. The smaller angles when moving down a group in
the periodic table can be explained by the the expected decreasing hybridisa-
tions of the s an p orbitals for heavier main group elements.

With the calculation of the HOMO—LUMO values it is possible to obtain in-
formation about the colour of the products. As long as there is no inter-
action with solvent molecules, the calculation indicates colourless to yellow
products for the silylenes, violet to green-blue products for the germylenes
and red products for the stannylenes (Tab.2.1.). The analysis of the orbitals

Table 2.1.: HOMO—LUMO excitation energies

| Compound | cis [nm] trans [nm] | colour \
CeHs(P(SiMe3)2)2Si 403.93 375.09 colourless - yellow
CeH4(P(SiMes3)2).Ge | 574.20 638.12 violet - green-blue
CeHs(P(SiMe3)2)oSn | 472.74 441.51 red

of CgH4(P(SiMe3)2)2Si, CeHy(P(SiMes)2).Ge and CgHy(P(SiMes)2)2Sn showed
that the orbital overlap is more advantageous in the trans conformation. In the
cis the LUMO and the HOMOs are as expected. The HOMO trans conformer
splits in a HOMO-1 and a HOMO, in which an overlap of the lone pair of the P-
atoms an the p-orbital of the tetrel atom can be seen (Fig.2.8). This increases
the stability, which emphasises the assumption, that the trans conformation is
more stable.
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Figure 2.8.: Frontier orbitals of conformations of the investigated tetrylenes
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2.2. Experimental Analysis and comparison with
calculated data

2.2.1. DPB derivatives

As the DFT analysis showed DPB (1,2-diphospinobenzene) and its derivatives
are ideal candidates for the formation of P-stabilised cyclic tetrylenes. Different
reactions pathways are possible as starting point for the further reactions to
tetrylenes (Fig.2.9). In order to increase the stability and protect the tetrel
atom, the H-atom can be substituted with other groups ('Pr, 'Bu, Ph, TMS,
Hyp). The one possibility is to replace only one hydrogen on each phosphorus
atom with a different substituent, another option is to perform this step twice
and thus replace all hydrogens with bulkier substituents. During this work, a
substitution with TMS was examined, because this group showed promising
properties for the synthesis and reaction mechanisms are known in literature.?*
The reaction pathways were investigated to determine which one is more ad-
vantageous for the subsequent reactions with group 14 halogen compounds
(SiX4, GeCly-dioxane, SnBr,) or amides of the type "BuLi-E(NMey), to form
the desired tetrylenes.

The synthesis of compounds 3 and 4 (Fig.2.9) with the purchased DPB (Sigma
Aldrich) were successful in good yields. The 2°Si of the reaction to compound 3
shows signals at 2.54 ppm (1), 4.10 ppm, and 4.42 ppm which can be compared
to literature data (6 = 4.37 () and 4.65 (1) for SiMe3z?*). The presence of more
silicon shifts than expected, indicates a side product, or a not yet complete
reaction. The spectra were taken during the reaction, to monitor the progress.
For compound 4 a doubletic triplet at 2.59 ppm can be observed, which repre-
sents the two TMS groups on the phosphorus. The 3'P NMR patterns of both
compounds are very characteristic (Fig.2.10 and Fig.2.11). A detailed inves-
tigation of these patterns by Hitchcock®* showed the same results. The two
main signals in the 3'P NMR spectra of compound 3 which are separated by a
value of about 9.38 ppm might indicate the ratio of the cis/trans mixture. This
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was also discussed in literature.?*
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Figure 2.9.: General reaction scheme from 1,2-diphosphido-benzenes to tetrylenens

Table 2.2.: 3'P NMR data of compound 3 and 4

| Compound | Literature®® | Meassurement | Calculation |
CeHs(PHSIMe3)»-1,2 3 -117,2 -115,1 (s/m) -115,0
Synthesis of CgHy[(P(SiMes).]-1,2 4 -140,4 -138,7 -105,4

The synthesis of compound 4 is a sensible reaction. The reaction conditions
have to be controlled very precisely. Even though it was mentioned in literature,
that it is possible to perform the first and second step in one day,?* this is just
possible if the first step is completed. Therefore it is important to control all
steps with a NMR measurement.

The purification achieved by filtration of each reaction step is important, be-
cause the side products (salts) cause problems in the crystallisation of the
products.
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Figure 2.10.: 3'P NMR pattern of compound 3 (reaction solution)
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Figure 2.11.: 3'P NMR pattern compound 4

2.2.1.1. Synthesis of the reactand DPB (1,2-Diphosphinobenzene) 2

Because the reactions with the purchased DPB were successful, attempts for
the synthesis of this starting material were made. Different types of lamps (Her-
aeus UV-RS 2, Aqua Cristal 5 W UV-C, HANAU 500 W medium pressure lamp)
were used for the photolysis. So far the Aqua Cristal 5 W UV-C Lamp is the
best choice for the experiment. The idea was, to perform the reaction with a
low wattage lamp, which would be less expensive and could work without any
additional cooling. This would make the reaction apparatus less complicated
and would be convenient for long term irradiation.

Lamps with higher wattage (e.g. the Heraeus UV-RS 2) need an additional
cooling system. The reaction itself needs to be heated up to 60°C. This tem-
perature is essential. A reaction at room temperature did not show any results.
A disadvantage of the low wattage is that the irradiation time increases. Never-
theless compound 7 (1,2- bis(dimethoxyphosphoryl)benzene) was obtained in
small amounts, a further reaction to form DPB (compound 3) was not possible.
The reaction was either carried out in hexane or without an additional solvent,
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which improved the reaction. To monitor the reaction progress of the photoly-
sis, a NMR measurement was performed daily (Fig.2.12). The 3'P NMR data is
compared to literature and calculated data in (Tab.2.3.). After 120 h an increase
in product can be observed.

Table 2.3.: 3'P NMR data of compound 1

| Compound \ Literature? Meassurement Calculation |

1,2-Bis(dimethoxyphosphoryl)benzene | RPO(OR)., 0—10 ppm 2,70 ppm 23,3 ppm

OP(OR)3 0-2 ppm

120h
48 h

24h ;.|

10

START

°

T T T T T T T T T T T T T T T T T T T T T T T
100 0 - 100 - 200 - 300 - 400 [opm]

Figure 2.12.: Progress of photolysis reaction over time followed by 3'P NMR spectra

The obtained product is difficult to separate from the reaction solution, be-
cause it is a very fine white powder. It is not possible to filter it off, therefore the
powder was centrifuged and the solvent was removed via syringe. The powder
was dried by evaporating the solvent. A melting point (mp ca.76°C) could be
measured and it fits to literature data.?® The yield of the following reaction to
produce DPB with a Me3SiCI/LiAlH, mixture was very small, due to the small
amount of compound 17 obtained in the first step. Enough compound could be
isolated for a NMR measurement, which however did not show a clean product
2.
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2.2.2. Tetrylenes

The tetrylene synthesis led to an considerable amount of information, which is
very important and helpful for further investigation of these compounds. Dif-
ferent reaction pathways (Fig.2.13. A, B, C) for the generation of germylenes
and stannylenes were investigated intensively.

SR A(
TMEDA,0°

R =H, Me, TMS, Hyp, Phenyl
E = Si, Ge, Sn
X =Cl, Br; NTMS

Figure 2.13.: Reaction pathways tetrylenes

2.2.2.1. Pathway A

Pathway A turned out to be unprofitable for the synthesis of both the
germylenes and stannylenes. As mentioned before, there are two stereoiso-
mers for compound 3%4(Fig.2.3), one stabilised by an intramolecular H-bond.
Ultimately, it was not possible to obtain tetrylenes. Nevertheless, crystals
which were obtained turned out to be an interesting germanium cluster. The
crystal structure is discussed below.

In case of the stannylenes, the reaction always led to a dark-red solution,
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which turned brown with a brown, sparingly soluble precipitate. This process
can be slowed down by storing the product in the cold (-80°C) and excluding
light immediately after finishing the reaction. These tin compounds are very
sensitive to air, temperature and light. Therefore and because of poor solubility,
the brown precipitate could not be further analysed.

2.2.2.2. Results: Germanium complex compound 5

For solving the structure of the obtained crystals SHELXS97 (Sheldrick 2008)
was used, to refine the structure SHELXL2014 (Sheldrick 2014) was used.
All esds (estimated standard deviations), except the esd in the dihedral an-
gle between two |.s. planes, are estimated using the full covariance matrix.
The cell esds are taken into account individually in the estimation of esds
in distances, angles and torsion angles; correlations between esds in cell
parameters are only used when they are defined by crystal symmetry. An
approximate (isotropic) treatment of cell esds is used for estimating esds
involving |.s. planes.

The germanium complex was obtained from the reaction of compound 3 with
"BuLi and GeCl,-dioxane in THF. The compound was filtered twice, because
the salt was difficult to separate. After the second filtration in the dry box, a
clean yellow solution could be obtained. The 3'P NMR data of the solution of
this compound shows phosphorus shifts in a high range (127 ppm) which indi-
cates a P(OR); like side product. No silicon coupling to the TMS groups was
detected. During purification the compound was exposed to oxygen, which re-
acted with the compound forming the interesting cage structure. The molec-
ular structure of compound 5 with the atomic numbering scheme is shown in
Fig.2.14, with pertinent bond lengths and angles given in Tab.2.4.. The crystal-
lographic data is summarised in Tab.2.5.

The lithium is attached to the oxygen atom in a bridging coordination mode.
The compound is a centrosymmetric dimer. This molecular species is struc-
tural similar to [LiGe(OCH,CH;NMe;)s]>.2” The common structural feature of
the compounds found in literature®”-28 is a E,Li,Og cage, which is build of two
E,Li,O3 units, sharing a Li,O, four-membered ring. This ring can also be found
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in the isolated germanium complex. However the complex does differ in the
cage system, because there is an additional LioCl, cage between the two
E,Li-O3 units. The structure of the Li>Cl, cage has also been reported in lit-
erature,?® but there is no equivalent known for a E,Li»OsCl, cage.

The ORTEP plot of compound 5 and a plot of a comparable structure are
shown in Fig.2.15 and Fig.2.16. The obtained germanium complex is triclinic,
which means a # b # c and a # 8 # v # 90°. The crystals were slightly yellow
and block sized.

Figure 2.14.: Molecular structure of compound 5
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bond lenghts [A] | 5 | Literature®
Ge(1)-0(2) 1.876 1.876
Ge(1)-0(3) 1.933 1.954
Ge(1)-0(4) 1.887 1.888
0(2)-Li(1) 1.940 2.193
O(3)-Li(1) 1.989 2.019
O(3)-Li(2) 2.037 2.034
O(4)-Li(2) 1.949 -
0(2)-Si(2) 1.638 -
0(3)-Si(1) 1.647 -
0(4)-Si(3) 1.639 -
Li(1)-CI(1) 2312 -
Li(2)-CI(1) 2451 -
angles (9
O(1)-Ge(1)-0 94.60 92.88
0(2)-Ge(1)-0 87.29 88.09
Ge(1)-O(1)-Li 97.42 100.7
Ge(1)-0(2)-Li 93.98 98.10
Ge(1)-0(3)-Li 91.64 94.80
Ge(1)-O(4)-Li 95.87 98.50
O(1)-Li(1)-0(2) | 82.65 78.6
0(3)-Li(2)-0(4) | 82.80 100.0
Li(1)-0(3)-Li(2) | 85.82 -
Li(1)-CI(1)-Li(2) | 69.75 -

Table 2.4.: Selected bond lengths (A) and angles (°) compound 5

| Compound \ 5 \

Empirical formula CosH70CloGeslL4OgSig

Formula weight (g/mol) 923.20

T(K) 100

n Wavelength [A] 0.71073

Crystal System Triclinic

Space group P™1

Unit cell dimensions

a(A) 10.932

b(A) 11.136

c(A) 12.772

a(®) 78.768

b (°) 65.768

c(°) 62.688

V (A3) 1259.7

z 1

Density(calc.) (mg/-3) 1.217

Absorption coefficient (mm-™) 1.48

F (000) 484

Crystal Size (mm) 0.20x0.18x0.13

Crystal habit Block, yellow

20 range (°) 2.3-27.3°

Index ranges -13<h<14
—14<k<14
-16<1<16

Reflections collected 14344

Independent felections 5588

No. Of Parameters 226

Table 2.5.: Crystallographic data for compound 5
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C12A

Figure 2.15.: ORTEP Plot: Ge,Li»OgCls cage (compound 5) Figure 2.16.: ORTEP Plot: Ge,Li»Os cage®’

2.2.2.3. Pathway B

Because of the problems caused by the stereoisomers, pathway B, with two
bulky substituents on each P-Atom, opened up as alternative. The cleaving of
two TMS groups with 2 equivalents KO'Bu in the first step o pathway B led to a
bright red clear solution. KO'Bu is known to cleave P-Si bonds of P(SiMes).%°
In this case a controlled reaction is quite difficult to achieve, a specific splitting
of two TMS groups is challenging.

The 3'P NMR showed a broad signal (-96.76 to -100.68 ppm) in an expected
ppm range for a P-K interaction (-99.6 ppm).3! The 2°Si NMR spectra showed
characteristic signals for (‘BuOSiMes), but no P-Si coupling. One part of the
solution was kept for crystallisation and detailed analysis, but no clean product
could be isolated. The other part was used for further reactions with SnBr,
which led again to a red brown solution and a brown precipitate, which could
not be further analysed.

2.2.2.4. Pathway C

Pathway C led to the most promising results. Mixed-base systems of the type
"BuLi-E(NMe;) are highly effective in the multiple deprotonation of simple or-
ganic molecules.’

The reaction with "BuLi-Sn(NTMS.) led to a red solution. Red Crystals could
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be obtained which are very sensitive to light. When exposed to light for more
than 10 minutes a colour change from red to light yellow and brown occurs.
Therefore and because of the minor quality of the crystals no measurement
was possible.

The results of this step are so promising because the red colour is, according
to the calculations (see "DFT Study”) an indication for the desired stannylene.
Also the '"°Sn NMR shift is in an expected range (Tab.2.6.) according to the
calculations.

After recrystallisation in toluene at -30° C, red to orange crystals, which are
very sensitive to air, temperature and light could be obtained. The measure-
ment was difficult, because the crystals can’t be exposed to light for more than
7 - 10 minutes. The crystals should be stored at reduced temperature <-30°.

The recrystallised crystals led to an interesting crystal structure wich is dis-
cussed below, which does not correspond to the desired product. The obtained
structure does not include phosphorus. The measured 3! P shifts of the solution
differ from the DPB reactant. However the shifts do not fit the calculated data
or comparable data in literature. The existing stannylene dianion [C¢H4P,Sn]*
shows a singlet 6 = 238.0 ppm in the 3'P spectra® and a triplet § = 1340.3 ppm
in the ''°Sn spectra.® The free diphosphatetrylene Sn(PHypTMS),, which was
mentioned in a PhD Thesis of the University of Technology in 2015% shows a
shift in the '"®Sn NMR of 1466.7 ppm. The value of the obtained structure is
with 770.8 ppm very low and it indicates that is shouldn’t be assigned to the
diphosphatetrylene.
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Table 2.6.: Calculated NMR data of stannylenes and measured values tin containing synthe-
sised compounds

Stannylene Calculation [ppm] Measurement [ppm]

130

cis 115.9; 127.5; 118.9 ring 116.7
6.48; 6.77; 6.70 Si(CHs) 5.41

trans 147.2; 127.9; 119.4 ring 116.7
7.57; 5.68; 539 Si(CHs) 5.41

ZQSi

cis -4.95 Si(CHs) -1.74

trans -3.94 Si(CHs) -1.74

31P

cis 88.8 - 36.80

trans 87.5 -36.80

1193n

cis 1347.4 770.8; 376.6

trans 1628.5 770.8; 376.6

To sum up it can be said that the germylenes as well as the stannylenes are
very sensitive to temperature and air. The tin compounds should be stored at
least at -50°C and in absence of light.

2.2.2.5. Results: Tin compound 6 obtained by reaction pathway C

X-Ray investigation of the red-orange tin crystals has shown that path-
way C led to an separated ion pair with an anionic tin compound,
[SN(NTMS;)3], and the TMEDA coordinated Li cation bis(N,N,N’,N’-
tetramethylethylenediamine)lithium(1+) (Fig.2.17).

This is an very interesting compound which was not known yet. There are
just few comparable compounds found in literature. There is one anionic
[(Ph3)Sn)3Sn]" complex of ytterbium. The cation of this compound is a cen-
trisymetrical dimer in which two Yb atoms are each bonded to three chelate
DME molecules and related by two bridged chlorine atoms.®® These crys-
tals were yellow-brown and also unstable in air. There are also some tin(IV)
bis(trimethylsilyl)amides in literature3* which can be used for the comparison
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Figure 2.17.: Crystal structure of [SN(NTMS,)3]” 6

of the Sn-N bond lengths and ''°*Sn NMR shifts.

The unusual anion has a pyramidal structure (angle sum = 309.1°), the central
Sn atom is bonded to three N(TMS), groups. The bond lengths and angles
are summarised in Tab.2.7. and the crystallographic data is summarised in
Tab.2.8.. The original pathway (C Fig.2.18) should lead to a stannylene. For
the formation of the obtained anionic structure, several options exist. There
is the possibility that in the formation of the starting materials a by-product,
LIN(TMS),, was created, which led to the formation of the crystal structure. The
'H (0.27 ppm), '3C (6.39 ppm), 2°Si (-1.74 ppm) and ''°Sn (757.0 ppm) NMR
shifts of SN(TMS;), do fit to literature.®> However due to the small amounts, this
product was not distilled, which could be the reason for an unclean product and
the unusual reaction products. The 3'P (-151.66) and the 2°Si (-5.36) shifts of
Li(tmeda),[(CeH4(P(SiMes),)-1,2] are also comparable to literature data.?* The
amounts of both compounds were small, a slight stoichiometric deviation could
change the reaction pathway. It could also be possible that the desired product
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is still in solution, however there was no Sn-P coupling visible in the NMR

spectra. The exact mechanism of this reaction is yet to be investigated.

T™MS ™S
1
. P..
P. ™S BuL TMEDA,0 “~Li(tmeda)
+ n i -’ -
_TMs - e Li(tmeda)
P ;
™S ™S
+
Sn[N(TMS),]

Bis[N,N-bis(trimethylsilyl)amino]tin(ll)

TMEDA,0°

Figure 2.18.: Reaction pathway C for stannylenes
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bond lenghts | Sn(NTMS,); 6 | Literature®*3

Sn(1)-N(1) 2.25 2.05
Sn(1)-N(2) 2.22 2.05
Sn(1)-N(3) 2.24 2.05
N(1)-Si(1) 1.77 1.77
N(1)-Si(2) 1.75 1.77
Li(1)-N(4) 2.10 2.09
Li(1)-N(4) 2.10 2.09
angles

N(1)-Sn(1)-N(2) 104.4 116.05

N(2)-Sn(1)-N(3) 106.1 -

N(3)-Sn(1)-N(1) 98.9 -

Table 2.7.: Selected bond lengths (A) and angles (°) compound 6

| Compound \ Sn(NTMS:,); 6 \

Empirical formula C18H54N38i68n'C12H32N4Li

Formula weight (g/mol) 839.23

T(K) 100

n Wavelength [A] 0.71073

Crystal System Monoclinic

Space group P24

Unit cell dimensions

a(A) 16.7323 (8)

b(A) 46.597 (2)

c(A) 19.9225 (13)

a(°) 90

b (°) 107.7101 (15)

c(°) 90

V (A3) 14797.0 (14)

z 24

Density(calc.) (mg/3) 1.536

Absorption coefficient (mm™) 1.15

F (000) 6600

Crystal Size (mm) 0.09 x 0.04 x 0.01

Crystal habit orange plate

20 range (°) 0.9-23.4

Index ranges —13<h<14
—14<k<14
-16<1<16

Reflections collected 14344

Independent felections 21476

No. Of Parameters 525

Table 2.8.: Crystallographic data for compound Sn(NTMS,); 6




Chapter 3

Conclusion and Outlook

The main targets of this work were an experimental and quantum chemical
investigation «, o’ P-stabilised tertylenes. The stabilising effect of various sub-
stituents should be determined. The assumption that the size of the atoms, the
difference in electronegativities and the stronger pyramidalisation of the phos-
phorus atom counteract effective orbital overlap was explored within a DFT
study. The chosen method/basis set (ImPW1PW91/6-31+G* and MO6L/IGLO-II
for magnetic shildings) combinations were suitable for the calculations.

DPB proved to be an interesting starting material for the tetrylene synthe-
sis, however so far no tetrylenes could be isolated. The calculations led to
a noticeable amount of information about DBP derivatives and tetrylenes. The
molecular modeling is very important for further synthesis and product analy-
sis. The calculations led to a the result, that the TMS group as well as the Hyp
group decrease the pyrimidalisation of the P-atom, which would be favoured for
the tetrylene synthesis. The 'Bu group did show similarities to the TMS group,
which makes it a very promising candidate for the next steps in the synthesis.
The other investigated substituents do not affect the bond lengths and angles
significantly. There is an increase in the E-P bond lengths (Si<Ge<Sn) and
a decrease (Si>Ge >Sn) of P-E-P bond angle moving down the group in the
periodic table.

Another important information obtained by the DFT study, is the fact that with
the tetrylenes there are always two conformers formed, which are very close

43
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in energy. The trans conformation turned out to be more stable, due to a better
orbital overlap and a smaller pyramidalisation of the phosphorus. (Fig.3.1)

HOMO-1 HOMO LUMO

X a (P) [°] trans conformation
R Silylene Germylene Stannylene
Pr 333.8 332.9 320.7
‘Bu 340.8 341.6 335.0
™S 330.7 328.7 3223
Ph 340.2 332.9 335.3
Hyp 340.8 343.3 341.2

Figure 3.1.: Stabilisation trans conformation

For the tin compounds the colour of the reaction solution end even the crystals
did fit to the calculation. However, so far no tetrylenes could be obtained. An
interesting, anionic tin compound was isolated as side product. The investiga-
tion of three different pathways (A,B,C) for the formation of germylenes and
stannylenes led to important information for subsequent reactions. The reac-
tion pathway starting from bulky substituents on the phosphorus atom turned
out to be more profitable. Therefore compound 4 ( R = TMS) turned out to
be an auspicious starting point for further synthesis. The performed synthesis
yielded important information for continuing reactions and product isolation.

Initial trials using mixed-base systems of the type "BuLi-E(NMe,), led to crys-
tals of an interesting byproduct. The unusual anion [Sn(NTMS,)3]" could be
isolated, however the exact mechanism of this reaction is yet to be investi-
gated. Nevertheless, this reaction pathway is promising, as the shifts predict a
second product in solution, which is a phosphorus containing compound. An
improvement of the reaction conditions should lead to better product isolation.
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R R

| |

P P

- D
E
—

o v

| |

R R

R =H, Me, TMS, Hyp, Phenyl
E = Si, Ge, Sn

R =TMS =compound 5

Figure 3.2.: Reaction scheme: profitable pathway

The germylene synthesis led to a crystal structure, which is not the expected
germylene. However, a new product, a Ge,Li,OgCl, cage, could be isolated.
This compound was also very sensitive in terms of air and temperature, which
makes it difficult to handle. So far, only the GeCl, dioxane was used as re-
actant for the formation of germylene. A comparable reaction with an amide
would also be conceivable.

3.0.3. Outlook

In the past few years the focus of attention was shifted to silylenes again. How-
ever no synthesis of silylenes was performed during this work. There are some
promising ideas for reactions pathways which could lead to silylenes (Fig.3.3).
The topic of 1,2-diphospasilylenes is rare in literature, which makes the inves-
tigation in such compounds interesting. The P-Si bond is regarded to be weak
and a synthesis of stable derivatives is challenging.

For future product synthesis, it should be possible to produce similar precur-
sors than 4, which would lead to other interesting, new compounds. As men-
tioned above there is a range of compounds, which also would be auspicious
candidates for the synthesis. The improvement of the reaction pathways for the
germylenes and stannylenes is an aim for subsequent reactions. An alterna-
tive method for the analysis for air and light sensitive crystals and the brown
precipitate in case of the tin compounds has to be found.
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R R
|
Po
R nguLi | X Li
SiBr,
R Li ¢
P’ ZNp o \
R R red.
R R —>
| |
P P
~ R pcip ~ DCIP
— SiBry
_R . _.bep
R R

DCIP: 2,6-dichlorophenol-indophenol (Tillmans' reagent)
R =H, Me, TMS, Hyp, Phenyl

Figure 3.3.: Possible reaction pathways silylenes
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Chapter 4

4.1. General Procedures

All reactions, unless otherwise stated, were carried out using standard Schlenk

line techniques or in a dry box under nitrogen atmosphere. All solvents were

dried and deoxygenated by a solvent drying system (Innovative Technology,

Inc.). The compounds were stored under inert conditions at room temperature

or reduced temperature.

4.1.1. Index of Chemicals

Table 4.1.: Chemicals

| Chemical | CAS | M[g/mol] [ p [g/mL] | Supplier
1,2- Bis(dimethoxyphosphoryl)benzene | 15104-46-8 294.18 - -
n-Butyllithium "BuLi 109-72-8 64.06 - Sigma Aldrich 186171
1,2-Dichlorbenzene 195-50-1 147.00 1.3 Merck 102930
Germanium(ll)-chloride-dioxane 1:1 28595-67-7 | 231.65 - Sigma Aldrich 573515
Lithium aluminium hydride LiAlH, 16853-85-3 37.95 0.92 In-house
Lithium bis(trimethylsilyl)amide 4039-32-1 167.33 0.891 Sigma Aldrich 225770
1,2-Diphosphinobenzene DPB 80510-04-9 142.08 - ABCR AB130274
Trimethyl phosphate 512-56-1 140.08 - Sigma Aldrich 241024
Trimethyl phosphite P(OMe); 121-45-9 124.08 1.052 Sigma Aldrich 240907
Trimethylsilyl chloride 75-77-4 108.64 0.854 Sigma Aldrich 386529
Tin(ll)-chloride 7772-99-8 189.61 3.95 Fischer Chemical
Tin(ll)-bromide 10031-24-0 | 278.52 5.12 Sigma Aldrich 309257

47
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4.1.2. NMR

'H (300.2 MHz), '3C (75.5 MHz), 2°Si (59.6 MHz) and 3'P (121.5 MHz) NMR
spectra were recorded on a Mercury 300 MHz spectrometer from Varian at
25°C. Chemical shifts are given in parts per million (ppm) relative to TMS (§
= 0 ppm) regarding 'H, '3C and 2%Si, '°Sn relative to SnMe,4 and relative to
85% H3PQ, for 3'P. Coupling constants (J) are reported in Hertz (Hz). All NMR
spectra were measured using a D,O capillary as external lock signal.

4.1.3. X-ray Diffraction

All crystals suitable for single crystal X-ray diffractometry were removed from a
Schlenk under inert conditions and immediately covered with a layer of silicone
oil. A single crystal was selected, mounted on a glass rod on a copper pin,
and placed in the cold N, stream provided by Bruker APEX2. For the solving
the structure SHELXS97 (Sheldrick 2008) was used, to refine the structure
SHELXL2014 (Sheldrick 2014) was used.

4.1.4. Computational details

All calculations have been carried out using the GAUSSIANO9 program pack-
age®” on a computing cluster with blade architecture. For all calculations except
calculations of NMR shieldings the mPW1PW91'9 hybrid functional was used.
NMR shieldings were calculated using the M06L* pure functional as imple-
mented in GAUSSIANO9. For optimisation and calculations of frequencies the
6-31+G* (backbone, silylenes) and SDD (germylenes, stannylenes) basis set
was used. For calculation of NMR magnetic shieldings the all electron IGLO-
I13° basis set was used (¢ 'H = 32.8, o '*C = 186.6, ¢ 2°Si = 360.6 (TMS),
o 3P = 624.7 (PH3) and ¢ '°Sn = 2721.3 (Sn(Me),)). The geometries of the
molecules were were calculated in the gas phase, without the influence of a
solvent. The optimised geometries of all discussed molecules are collected in
Appendix A.
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4.2. Synthesis

4.2.1. 1,2-Bis(dimethoxyphosphoryl)benzene 1

According to literature®® the photolysis of 1,2-dichlorobenzene in
trimethylphosphite in a scale of 1:3.3 gives 1,2-bis(dimethoxyphosphoryl)benzene
in 50% yield (reaction scheme Fig.4.1). The reaction time is at least 5 days
and the reaction can be carried out on a multimolar scale.

cl 254 nm P(OMe)z P(OMe)z
Oi +P(OMe); ————— (I
cl P(OMe)z

1 40 % 20 %

THF | Me;SiCI/LiAIH,

@PHz
PH,
2 85 %

Figure 4.1.: Photolysis/Educt synthesis

A solution of 71.35 g (0.575 mol) trimethylphosphite and 26.09 g (0.178 mol)
1,2-dichlororobenzene was photolyzed at 60°C for 7 days. An oily yellow
suspension was formed. The residue was dissolved in acetone and cooled to
-80°C , which led to an immediate precipitation of a white powder. (mp - 76 °C)

To observe the reaction progress, NMR measurements of the reactions solu-
tion were performed using a D,O capillary as external lock signal.
Yield: 27-30 %
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13C NMR (D20, 293 K): § 54.07 ppm (-CH3); § 130.48 ppm (ring); 6 128.55 ppm (ring);
31p NMR (D,0, 293 K): § 2.70 ppm

4.2.2. Synthesis of 1,2-Bis(phospino)benzene DPB 2

Reaction of 1 with a trimethylsilyl chloride/lithium aluminium hydride mixture in
a 1:1 ratio leads to production of 1,2-diphosphinobenzene 2. No clean product
could be isolated. Yield: 14-17 %

3C NMR (D20, 293 K): § 132.14 ppm; § 130.36 ppm (ring); § 127.77 ppm (ring);
31P NMR (D0, 293 K): § 73.34 (m) ppm

4.2.3. Synthesis of CgHs(PHSiIMe3),-1,2 3

A solution of "BuLi in hexanes (1.60 mol/L; 2.26 mL; 3.61 mmol) was added
dropwise via syringe to a solution of DPB in n-hexane (10 wt%; 0.256 g; 1.81
mmol) in 10 mL THF at -30 °C. The yellow solution was stirred at -30°C for 40
minutes.

The mixture was cooled to -60°C and TMS-CI (p = 0.854 g/mol; 0.47 mL; 3.61
mmol) was added via syringe. The reaction solution is allowed to warm up
to room temperature and stirred for 16 h (Fig.4.2). A white precipitate, lithium
chloride, was formed. The product was filtered and the solvent was removed.
The product of this step is a colourless to slightly yellow solution.

Yield: 80 - 85 %

PH, P
THF THF Ny
2 eq "BuLi 2 eq TMS-CI H
PH, -30°C -60°C o

Figure 4.2.: Reaction scheme compound 3

29Si NMR (D20, 293 K): § 4.68 ppm (SiCHs); § 4.57 ppm ;
3P NMR (D20, 293 K): § -117.2 ppm (s,m separated by 9.34 ppm for mixture of cis/trans

conformers
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4.2.4. Synthesis of C¢H;(P(SiMes)2)o-1,2 4

PH, P
O: THF THF N ws
2 eq "BuLi 2 eq TMS-CI
™S
PH, -30°C -60°C o

Figure 4.3.: Reaction scheme compound 4

To a solution of 3 (0.42 g; 1.48 mmol) in THF two equivalent of "BuLi in hexanes
(1.60 mol/L; 1.85 mL; 2.96 mmol) were added via syringe at -30°C. The yellow
solution was stirred at -30°C for 40 minutes and was then cooled to -60°C.
TMS-CI (p = 0.854 g/mL; 0.38 mL; 2.96 mmol) was added dropwise via syringe.
The solution was allowed to warm up to room temperature and was stirred for
16 h (Fig.4.3). The product is a slightly yellow, turbid solution due to the formed
lithium chloride. The salts were removed by filtration. Through evaporation of
the solvent the compound was concentrated. After a few days, crystals formed.
Yield: 78 - 80 %

29Si NMR (D20, 293 K): § 2.79 ppm (SiCH3); § 2.59 ppm; § 2.29 ppm dupl.tripl.
31P NMR (D0, 293 K): 6 -140.4 ppm

4.2.5. Pretrials germylene synthesis via two different path-
ways

4.2.5.1. Pathway A

4.2.5.2. Synthesis of an germanium Ge,Li,O¢Cl, cage (compound 5)

For this reaction germaniumdichloride-dioxane (0.669 g; 3.13 mmol) was dis-
solved in THF at room temperature and was then added dropwise to a solution

of 3 (0.90g; 3.13 mmol) in THF at -50°C via syringe. A colour change from
yellow to orange occurs. The solution was stirred for 16 h at room tempera-
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ture (Fig.4.4). The solution was concentrated and stored in the drybox fridge
to form crystals. After the course of one week crystals formed, however in a
quality not suitable for a X-ray measurement, recrystallisation was necessary.
The crystals were separated from the mother liquor and redissolved in toluene.
After the a week crystals with a quality good enough for a measurement were
obtained.

TMS TMS
P THF N ° THF
+ 2eqnBuLi —>» L + GeCIz-[ j S
-, - ° - 1 o o
'T 30°C |I, o 50°C
T™MS TMS

Figure 4.4.: Proposed reaction scheme pathway A/Germylene

NMR-data of the solution: 22Si NMR (D»0, 293 K): § 21.87 ppm
3P NMR (D20, 293 K): § -45.3 ppm; ¢ -50.5 ppm

4.2.5.3. Pathway B

To a solution of 4 (0.64 g; 1.49 mmol) in DME (5 mL), KO'Bu (2.1 eq; 0.31 g;
3.12 mmol) in 10 mL DME was added dropwise via syringe at RT. The solution
turns red-orange and was further stirred for 16 h. (Fig.4.5) No clean product
could be isolated.

™S ™S
P P
N T TMs DME — ~ \K
| + 2eq KO'BU ——> | )
A p-TMS RT AN p K
| |

™S

T™MS M

Figure 4.5.: General reaction scheme pathway B/Germylene

NMR-Data of this step: 2°Si NMR (D20, 293 K): § 7.60 ppm; § -6.99 ppm
3TP NMR (D,0, 293 K): § -99.53 ppm (P-K interaction -99.6 ppm3'); § -33.14 ppm; 6 7.52 ppm
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4.2.6. Pretrials stannylene synthesis via three different path-
ways

4.2.6.1. Pathway A

Tin(Il)chloride (0.38 g; 2.00 mmol) was dissolved in 5 mL THF at room temper-
ature and was then added dropwise to a solution of 3 (0.37 g; 2 mmol) in 10
mL THF at -50°C via syringe. A colour change from orange over red to brown
occurs. The solution was stirred over night at room temperature.

The reaction solution turned black and a precipitate was formed. This is an
indication that the reaction is sensitive to heat and light. It is advantageous to
store the solution in the dark and under reduced temperature (<-30°C) which
slows down the decomposition of the precipitate.

TMS TMS
P “H THF AN P Li THF
H+ 2 eqnBuLi ———>» | Li + SnX, —>50 c
. -30° _Li -50°
II, 30°C Z ,I,
TMS TMS

Figure 4.6.: Reaction scheme pathway A/Stannylene

NMR spectra of the cloudy red brown reaction solution were measured, while
the precipitate formed again.

NMR Data of the solution: 2°Si NMR (D0, 293 K): § 84.02 ppm
3P NMR (D,0, 293 K): § 140.0 ppm
11957 NMR (D0, 293 K): § 394.5 ppm: & 378.9 ppm; § -236.5 ppm

4.2.6.2. Pathway B
To a solution of 4 (1.34, 3.13 mmol) in DME (5 mL) KO'Bu (0.74 g; 6.60 mmol)

was dissolved in 10 mL DME and was added dropwise to the yellow solution
via syringe. A bright red clear solution was obtained. For the next step a sus-
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pension of tin(ll)bromide (0.918 g; 3.13 mmol) in 10 mL THF was added slowly
via syringe to the reaction solution at -50°C. The solution turns dark red. (Re-
action scheme Fig.4.7).

After stirring over night a brown precipitate was formed. It was not possible to
dissolve the precipitate in acetonitrile, THF, toluene or hexane.

TMS TMS
P~ Tms DME = Pk
+ 2eq KO'Bu —>» | \ + SnX, ——>»
.TMS RT N K
7 7
TMS TMS X=Cl, Br

Figure 4.7.: General reaction scheme pathway B/Stannylene

NMR Data of solution (During the measurement, the precipitate formed again in the NMR
tube.): 2°Si NMR (D20, 293 K): 6 7.60 ppm (‘BuOSiMes); 6 6.99 ppm
3TP NMR (D20, 293 K): § -99.53 ppm (P-K interaction -99.6 ppm?3'); § -33.14 ppm; § 7.52 ppm

4.2.6.3. Pathway C

4.2.6.4. Formation of side product an anionic tin-compound 6

An attempt was made to use TMEDA as a solvent as well as an reagent and
perform a reaction with a mixed base system of the type "BuLi-E(NMey),.

Preparation of bis[N,N-bis(trimethylsilyl)amino]tinn(ll)3°

A solution of lithium bis(trimethylsilyl)amide (1 mol/L; 24 mL; 0.024 mol) in 30
mL THF was cooled to 0°C with an ice bath and SnCl, (2.27 g; 0.012 mol) in 30
mL THF was added dropwise via syringe with intense stirring. The red-brown
solution turned a bit brighter. After stirring over night at RT the product was
concentrated by evaporating the solvent.

Yield: 86%
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NMR-Data: "H NMR (D0, 293 K): § 0.27 ppm
13C NMR (D0, 293 K): § 6.40 ppm
119810 NMR (D20, 293 K): § 757.2 ppm

A solution of 4 (0.83 g; 1.805 mmol) in TMEDA (0.54 mL; 3,61 mmoL) and 5 mL
hexane was prepared and cooled to 0°C. To this slightly yellow solution "BulLi
in hexanes (1.60 mol/L; 2.25 mL; 3.61 mmol) was added dropwise via syringe.
The solution was stirred for 30 minutes at 0°C. The solution was stored for 16
h at -80°C, which led to precipitation of a salt. The red-orange solution was
filtered and stored at -80°C for 16 h. Yellow crystals were formed.

The reaction solution was stored at 0°C and Sn(NTMS), was added dropwise
via syringe (Fig.4.8). The solution turned dark red and was stored in the dark
dry box at -30°C. Red crystals were formed after one night. The quality of the
crystals was not good enough for X-ray measurement, therefore recrystallisa-
tion was necessary. The crystals were resolved in toluene and after the course
of 24 h crystals formed. Due to high sensibility of the crystals to the exposure
of light, it was quite difficult to measure them under ambient conditions.

T™MS TMS
|
P Ims TMEDA “~~~|_,(tmed a) TMEDA
+ 2eq "BulLi % L d + SN(NTMS,); —— =
L TMS i(tmeda) 0°
7
™S ™S

Figure 4.8.: General reaction scheme Pathway C/Stannylene

NMR-Data of solution: "*C NMR (D»0, 293 K): § 116.70 ppm; § 57.10 ppm; & 45.80 ppm; &
5.41 ppm

29Si NMR (D20, 293 K): § -1.74 ppm

3P NMR (D20, 293 K): § -36.80 ppm

119810 NMR (D20, 293 K): § 770.80 ppm (reactant: (bis[N,N-bis(trimethylsilyl)amino]tinn(ll)) &
198n = 757,16 ppm); 6 376.60 ppm
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1. Structures of (1,2-Diphosphido)-benzenes

A.1.1. 1,2-Bis(phospino)benzene DPB

1,2-Bis (phospino)benzene DPB
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A.2. Silylene
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A.2.0.4. CgH4(P'Bu),Si trans
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A.2.0.6. CgH,;(PSiMes),Si trans
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C6H4P (SiMe3)2 Si trans
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A.2.0.7. CsH4(Ph),Si cis
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A.3. Germylene

A.3.0.11. CsH4(P'Pr),Ge cis

cis
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[C6H4P (iPR) 2Ge]
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A.3.0.12. CgH4(P'Pr),Ge trans
[CoH4P (1PR) 2Ge] trans
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A.3.0.14. CgH,;(P'Bu),Ge trans
[COH4P (tBu) 2Ge] trans
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A.3.0.17. CgH,4(Ph),Ge cis
[CoH4P (Ph) 2Ge] cis
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A.3.0.18. CgH;(Ph),Ge trans
C

[C6HA4P (Ph) 2Ge]

Energy:
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A.3.0.20. CgH,;(PSi(SiMes).Ge trans
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A.4. Stannylene

A.4.0.21. CgH,(P'Pr),Sn cis
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[C6H4P (iPr) 235n]
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A.4.0.23. CsH,(P'Bu),Sn cis
Energy:-7254.3471742

[C6H4P (tBu) 25n]
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trans

A.4.0.24. CgH,;(P'Bu),Sn trans
[C6H4P (tBu) 2Sn]
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[CoH4 (P (SiMe3))2Sn] cis
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A.4.2.2. CgH,4(Ph),Sn trans

[C6H4P (Ph) 25n]

Energy:
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A.4.2.3. CgH4(PSi(SiMes),Sn cis

[C6H4P (Si
Energy:
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